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ABSTRACT The quality of high-performance composite structures is difficult to predict or 
remains unknown. Variability in the macroscopic performance is dominated by the spatial 
randomness in the geometrical characteristics at the lower scale, especially for textile 
composites. By identifying the irregularity in the tow reinforcement, an improved assessment 
of the composites’ quality can be obtained. A roadmap is provided for generating realistic 
virtual textile specimens spanning multiple unit cells. First, the geometrical variability in the 
reinforcement structure is experimentally quantified on the meso- and macro-scale in terms of 
average trend, standard deviation and correlation length. Next, each reinforcement 
parameter is modelled as an average trend, determined from experiments, added with zero-
mean deviations. These fluctuations are generated by advanced simulation techniques such as 
a Monte Carlo Markov Chain method or a cross-correlated Karhunen-Loeve Series 
Expansion technique that are calibrated with the experimental statistical information. A 
virtual model of the textile geometry is represented in the WiseTex software. The multi-scale 
framework is demonstrated on a carbon-epoxy 2/2 twill woven composite produced by resin 
transfer moulding. 
INTRODUCTION  
Variation in the reinforcement structure is frequently omitted or only partially introduced in 
simulations. For the specific case of textile composites, the reinforcement is adequately 
modelled by exploiting the hierarchical principle. Predictive models are constructed following 
a sequence from fibre, tow, textile, preform, to the final composite. Realistic modelling of its 
internal geometry should permit to introduce local variations along each individual tow path 
and at the different scales (micro-meso-macro), depending on the response of interest. Once 
experimental correlation information is available, the stochastic fields are able to reproduce 
the correct correlation data. Realisations of such random fields of textile features are obtained 
by decomposition of the correlation matrix by the Principal Component Analysis [1] in 
combination with a vector of independent standard Gaussian random variables or Cholesky 
factorisation [2]. Of both approaches, the Principal Component Analysis is more efficient for 
highly correlated vectors, and allows a reduction of the dimensionality of the process. 
Charmpis et al. [3] emphasizes that realistic modelling of composite performance can only be 
achieved when the numerical multi-scale modelling scheme is supported by experimental 
data. The procedure applied to textile composites consists of two main steps: (i) collection of 
material data about the uncertain tow properties (uncertainty quantification and 
characterisation) and (ii) proposition of a stochastic multi-scale modelling scheme where the 
macroscopic material properties are derived from realistic geometrical characteristics at the 
lower scale (definition of a stochastic model). This publication describes this approach 
applied to textile composites with variability in the reinforcement structure [4-6]. 
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GENERAL SCHEME FOR VARIABILITY MODELLING 
Randomness is introduced in the numerical models at the meso- and macro-level; scatter in 
the matrix and fibre properties are not considered. The variability of each tow path is defined 
for the centroid coordinates (x, y, z), tow aspect ratio AR and tow area A which fully 
describe a woven reinforcement. Figure 1 presents an overview of the multi-scale framework, 
where three main steps can be distinguished to obtain such random representations: 
 
 
Figure 1 Multi-scale variability modelling scheme 
1. Collection of experimental data and statistical analysis 
(a) Characterisation of the short-range scatter (meso-scale) with samples close to 
the unit cell size. 
(b) Characterisation of the long-range variation (macro-scale) with samples spanning 
several unit cells. 
(c) Statistical analysis of the tow path parameters in terms of average trends, standard 
deviation and correlation lengths. 
2. Stochastic multi-scale modelling of the reinforcement 
(a) Definition of systematic and handling trends from the experimental data. 
(b) Generation of zero-mean deviations correlated along the tow path using the 
Monte Carlo Markov Chain method. 
(c) Generation of zero-mean deviations correlated along and between neighbouring 
tow paths using the cross-correlated Series Expansion technique. 
3. Construction of virtual specimens in WiseTex 
(a) Simulation of the nominal model with matrix and fibre properties from the 
manufacturer. 
(b) Redefinition of the reinforcement information with the produced tow paths. 
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(c) Recalculations of the path orientation vectors and length, in addition to the updated 
general unit cell properties. 
 
COLLECTION OF EXPERIMENTAL DATA 
Geometrical variability is present within the unit cell (short-range or meso-scale) and over 
several unit cells (long-range or macro-scale). Spatial geometrical information on the short-
range should be collected using X-ray micro-computed tomography (micro-CT), while long-
range tow path data can be collected using X-ray micro-CT, optical imaging or digital image 
correlation. A statistical description of any tow parameter is afterwards obtained by applying 
the reference period collation approach. This method groups tows that should be identical 
given the nominal periodicity of the textile, with such a representative tow called genus. Each 
parameter is decomposed for every genus into periodic systematic variations and non-periodic 
stochastic deviations, over a grid with Ni locations according to the periodic lengths. 
Correlation information is determined using the Pearson’s moment correlation coefficient for 
pairs of data with equidistant spacing ν taken at distinct locations on the same tow spaced by 
kv (auto-correlation Cauto), and pairs of data taken at the same grid location but on other 
neighbouring tows, spaced by kv’ (cross-correlation Ccross). The Pearson’s moment coefficient 
is further used to estimate the correlation length ξ, which “measures the distance of two 
different stochastic field locations over which the correlation between the respective random 
variables approaches zero or a practically very small value. This particular length is 
determined by (i) linear approximation of the correlation for the first point spacings in the 
case of limited data sets or by (ii) correlation function fitting using at least half of the point 
spacings locations for moderate data sets. 
As demonstration of the methodology, a 2/2 twill woven carbon fibre Hexcel fabric (G0986 
injectex) is considered. Each dry unit cell reinforcement consists of four equally spaced warp 
and weft tows with periodic lengths of the warp (x-axis) and weft (y-axis) tows respectively 
equal to λx=11.43 mm and λy=11.43 mm. Regarding the weaving process of the 2/2 twill 
woven fabric, warp tows are represented by a single genus, and similar for the weft tows. The 
dry reinforcement is impregnated with epoxy resin using a resin transfer moulding (RTM) 
production process. Short-range variations are identified in [4] from one seven-ply unit cell 
sample using laboratory X-ray micro-CT. Information about the tow path centroids (ρ, z) 
with ρ=y for the warp tows and ρ=x for the weft tows, tow aspect ratio AR, tow area A and 
tow orientation θin cross-section are extracted, with statistical information (σ, ξauto) of all 
tow path parameters is given in tables 1 and 2. Correlations of the warp tows are described by 
an exponential correlation function , while correlations for the weft tows are 
typified by a squared exponential correlation function . Correlation lengths are 
derived using the linear approximation of the first five lag points due to the small data set 
size. No cross-correlations between tows of the same or different genuses are observed. 
 
Table 1. Standard deviation of the tow path parameters from the short-range and long-range characterisation 
 
Table 1. Correlation parameters from the short-range and long-range characterisation 
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VARIABILITY MODEL FOR A WOVEN COMPOSITE 
Virtual models are generated for the 2/2 twill woven textile spanning a region of ten by ten 
unit cells, and thus containing each forty warp and weft tows. The model is representative for 
a ply within a laminate. Each tow is discretised in 320 equidistant points such that the 
information of one unit cell is defined over a grid of thirty-two points. This procedure is 
shown in figure 5 for the out-of-plane centroid coordinate. A total of 40000 warp and weft 
tows, with lengths equal to ten times the unit cell periods, are simulated to create thousand 
virtual specimens. Comparison with the experimental target values is performed by analysing 
the histogram representations of the statistics and evaluating a normalised difference from the 
target values. Figure 2 displays the average reinforcement of the 2/2 twill woven composite.  
The Monte Carlo Markov Chain method is used to generate zero-mean tow centroid 
fluctuations of unit cells, using the short-range data of tables 1 and 2 including the in-plane 
centroid position. The generalisation of the method for multiple unit cell structures can be 
easily performed. The procedure is able to reproduce the wavelengths of fluctuations as 
demonstrated in figure 3 for the warp out-of-plane centroid coordinate. Figure 4 presents the 
auto-correlation graph of the experimental and simulated warp centroid for the combined data 
set. 
 
Figure 2. The average reinforcement description presented for the centroid coordinates at the short- and 
longrange, obtained by combining the systematic and handling trends for all tow paths within the specimen. 
 
Figure 3. Warp out-of-plane centroid deviations trend for 28 warp tows: (a) experimental vs. (b) smoothed 
deviations obtained from simulations 
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Figure 4: Correlation graph showing the experimental and simulated data of the warp z-centroid coordinate. 
A linear approximation of the first lag data is performed to deduce the correlation length 
Only the in-plane centroid positions in the considered 2/2 twill woven composite are cross-
correlated. For each tow, these positions are modelled as a Gaussian random field which are at 
the same time cross-correlated with neighbouring tows of the same type. Each single field is 
described over an equidistant grid of forty-one points (NG = 41) that span at least a total 
length of ten times the periodic length. The methodology is repeated for both the warp and 
weft genus with forty individual tows per genus in one specimen (NF = 40). The required 
experimental correlation matrices are wide-sense stationary and isotropic (τ= |x2−x1|), and 
are constructed by projecting the fitted correlation functions onto the grid of 320 points. In-
plane centroid fluctuations are generated for 40000 tows of each genus. The short wavelength 
of the experimental warp deviations and long wavelength of the measured weft variations are 
reproduced by the simulations. The correspondence for the warp in-plane deviation trend is 
demonstrated in figure 5. 
 
Figure 5: Warp in-plane centroid deviations trend for 80 warp tows: (a) experimental vs. (b) simulated 
deviations. 
The conformity between the experimental and simulated statistics is validated for the warp 
tows using data of thousand generated virtual specimens. This information is investigated for 
the (i) combined data set, (ii) individual specimens consisting of hundred unit cells and (iii) 
individual 1-D fields, each representing one tow with a length of ten unit cells. The produced 
auto- and cross-correlation lengths for the warp tows of all thousand reinforcement 
descriptions are shown in figure 6. 
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Figure 6 Simulated (a) auto- and (b) cross-correlation lengths of the warp in-plane centroids. The experimental 
value is simulated on average. 
The last step of the multi-scale framework creates textile specimens with random geometry in 
theWiseTex software [7, 8]. The tow path description of a nominal WiseTex model is 
overwritten by the stochastic tow path realisations, which are built as combination of the 
average trend with the produced zero-mean deviations for each tow path parameter. The 
WiseTex XML-structure is used which permits scripting of local reinforcement information 
without the need of understanding the internal computational procedure. Except for the tow 
path description, new path lengths are computed and orientation vectors are defined that fix 
each cross-section in space. Figure 7 compares a nominal model with a generated stochastic 
specimen of the 2/2 twill woven composite. A substantial different reinforcement description 
is observed. In contrast to the nominal model where warp and weft tows are following straight 
paths, the random model shows a significant difference in the in-plane centroid mobility for 
the warp and weft tows. Weft tows are more variable and possess clustering behaviour 
between neighbouring tows. This results in spatial distribution of the open space between two 
neighbouring tows which varies locally. The detailed image of an arbitrary unit cell shows the 
variation in the out-of-plane centroid position and tow cross-sectional variations. 
 
Figure 7: WiseTex representation of a nominal and stochastic virtual specimen. Warp and weft tows are 
respectively oriented horizontally and vertically. 
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CONCLUSIONS 
A generic multi-scale framework is developed to generate realistic virtual textile specimens. 
The aim of this approach is to deliver large textile models, i.e. consisting of multiple unit 
cells, with a reinforcement structure that possesses the same statistical information as 
quantified from the experimental samples. First, an experimental methodology is presented to 
characterise the geometrical variability in terms of the centroid coordinates and cross-
sectional parameters on the short-range (meso-scale) and long-range (macro-scale). Non-
destructive state-of-the-art inspection techniques such as X-ray micro-computed tomography, 
optical imaging or digital image correlation are applied to measure the fabric architecture in a 
reliable and efficient way across the composite volume. The inherent scatter of each tow path 
parameter in each tow direction is quantified in terms of an average trend, standard deviation 
and correlation length by applying the reference period collation method. Secondly, a 
stochastic multi-scale modelling approach is developed to reproduce the measured variation in 
the tow reinforcement within the unit cell and between neighbouring unit cells. Random 
instances of tow paths are acquired by combining the deduced average trends with generated 
zero-mean fluctuations possessing the experimental standard deviation and correlation lengths 
on average. Zero-mean deviations which are only correlated along the tow path are produced 
by the Monte Carlo Markov Chain for textile structures, while uncertain quantities that are 
dependent along and between tow paths are generated using a cross-correlated Series 
Expansion method. In the last step, virtual composite specimens with random fibre 
architecture are created in the WiseTex format by an intrusive approach. Nominal tow path 
descriptions are overwritten with realistic tow representations obtained from the previous 
step, while preserving the original fibre mechanics and matrix properties. Concepts and 
procedures of this framework are developed for woven composites, but only minor 
modifications are required for other textile topologies than woven structures. 
The entire methodology is demonstrated on a carbon-epoxy 2/2 twill woven composite. 
Virtual specimens are simulated that span a region of ten by ten unit cells and are 
representative for a ply within a laminate. The preceded experimental characterisation 
concludes that the geometrical variability of this high-performance textile is significant with 
substantial differences for warp and weft direction attributed to the manufacturing process of 
the weave. The in-plane coordinate is subjected to the largest variation exceeding the unit cell 
dimensions and is the only property of the tow path which is cross-correlated with 
neighbouring tows of the same type. Based on this information, deviations of the out-of-plane 
centroid, aspect ratio and area are produced using the Monte Carlo Markov Chain method, 
while the cross-correlated in-plane position is generated by the cross-correlated Series 
Expansion procedure. A good comparison in terms of wavelengths and extreme values is 
obtained between the experimental and simulated deviations trends for all properties. Further, 
all simulated tow deviations achieve the target statistics on average. The acquired virtual 
models in the WiseTex software can be further exploited for studies on the reliability and 
quality of composites. 
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